Abstract. Sulla is a biennial forage legume native to the central-western Mediterranean Basin and has increasing interest for regions with Mediterranean-climate. The Italian germplasm is a reservoir of variation for important agronomic traits. This study aimed to support breeding programs by investigating patterns of agronomic, adaptive and morpho-physiological variation among ecotypes collected from the three main Italian regions of species cultivation: central Italy, and the two islands of Sicily and Sardinia. Forage yield and morpho-physiological traits were evaluated at a site with Mediterranean climate in Sicily. Forage yield and cold tolerance in a cold-prone site of northern Italy were also assessed, to locate useful germplasm for widening crop resilience and climatic adaptability. Collection regions, and ecotypes within regions, differed for total forage yield and final plant survival, but their responses were subjected to interactions with test location. Specific adaptation dominated the adaptive responses of ecotypes and elite commercial varieties. Ecotype adaptation to cold winter was associated with latitude and, more specifically, the extent of cold stress in collecting sites. The ecotype collection region had a bearing also on morpho-physiological characteristics. A few ecotypes from central Italy performed outstandingly with respect to elite varieties, displaying wide adaptation across cold-prone and drought-prone environments.
Introduction
Native to the central-western Mediterranean Basin, sulla (Hedysarum coronarium L., syn. Sulla coronaria [L.] Medik.) is a short-lived, perennial forage legume that was domesticated in the 18th Century in southern Italy, where it is extensively grown as a biennial crop for hay-making, ensiling and/or grazing (Stringi and Amato 1998; Di Grigoli et al. 2012) . Although sulla is now confined mostly to rainfed Mediterranean cropping systems in clayey (i.e. heavy) soils, the species is the forage legume secondmost grown in Italy after lucerne (Medicago sativa L.), with >90 000 ha, about half of which is in Sicily. This region has proved a rich reservoir of natural genetic resources featuring wide phenotypic and genetic diversity (Ruisi et al. 2011) . Sulla is largely grown also in Sardinia as a major component of forage systems targeted to highly productive dairy ewes (Bullitta and Sulas 1998) . In past decades, the cropping area of the species in Italy was larger, especially in the peninsular region, and relics of old sulla cultivations in re-naturalised grasslands are difficult to distinguish from truly wild populations that are widespread.
In the Mediterranean Basin, the species is also widely grown in sub-humid areas or under irrigation in Tunisia (Chakroun and Zouaghi 2000) , where Italian germplasm introduced into cultivation 40 years ago has developed outstanding local adaptation (Annicchiarico et al. 2008) and is the reference genetic resource for local breeding (Marghali et al. 2005) . Outside its area of origin, sulla has been introduced in New Zealand (Douglas et al. 1998) and is showing promise on alkaline soils in medium-rainfall regions of southern Australia (Dear et al. 2003) . In both countries, breeding work and cultivar release are in progress. The increasing interest in sulla is also justified by the content of condensed tannins in its foliage, which can reduce the methane emissions from grazing animals, the risk of bloat for cattle, and the need for anthelmintic treatments for sheep (Ramírez-Restrepo and Barry 2005; Bonanno et al. 2011) .
For decades, the breeding of sulla has been scant and essentially restricted to Italy. Two milestone cultivars were selected from local landraces >35 years ago, namely, the synthetic variety Grimaldi developed in central Italy, and the mass-selected variety Sparacia bred in Sicily (Talamucci 1998) . A few cultivars have been developed more recently, also from local germplasm (Martiniello 2005) .
A previous study in the western Mediterranean Basin suggested the advantage of breeding sulla for specific adaptation either to rainfed cropping in semi-arid environments or to sub-humid/ irrigated conditions (Annicchiarico et al. 2008) . It also highlighted the particular value of Italian genetic resources of sulla for severely drought-prone environments (Annicchiarico et al. 2008) , whose extent in the Mediterranean Basin is expected to rise as a consequence of climate change and foreseeable reduction of water available for irrigation (IPCC 2007) . In addition, Italian genetic resources are an invaluable reservoir of variation for important agronomic traits such as growth habit, flowering time, and forage yield (Stringi and Amato 1998; Ruisi et al. 2011) .
Sulla has good forage yielding ability under mild-winter conditions but it is susceptible to low temperatures (Sarno and Stringi 1982) . Improved cold tolerance would be important for extending the cultivation area of sulla in the Mediterranean Basin further north or to higher elevations, as well as for improving crop resilience with respect to sudden frosts within mild winters (whose frequency is also expected to rise in several Mediterranean regions as a consequence of increasing climatic variability; IPCC 2007). There is a paucity of information, however, on the extent of genetic variation for cold tolerance in sulla.
This study is aimed to support sulla breeding programs by investigating the patterns of agronomic, adaptive and morphophysiological variation among ecotypes collected from the three main regions of cultivation in Italy. Thirteen ecotypes and three reference varieties were evaluated for forage yield, seed yield and several morpho-physiological traits at a site with Mediterranean climate in Sicily, and for forage yield and cold tolerance in a coldwinter site of northern Italy.
Materials and methods

Evaluated populations
The tested ecotypes comprised five populations collected in central Italy in the peninsular portion of the country, and four populations collected in each of the two major islands Sardinia and Sicily (Fig. 1) . These ecotypes were selected from a larger number of collected populations to represent the range of withinregion variation in altitude and geographical coordinate values of the material available. These values for collection variables are reported in Table 1 . The reference varieties were the previously mentioned cultivars Grimaldi and Sparacia, as well as the variety Carmen selected in central Italy in the early 1990s.
Long-term values of four climatic variables, i.e. mean annual rainfall, mean rainfall over summer (June-September), mean daily maximum temperature of the warmest month, and mean daily minimum temperature of the coldest month, were estimated for each collection site from major climate databases as interpolations of average observed data over the period 1950-2000 at a resolution of~1 km (Hijmans et al. 2005; www. worldclim.org), extracting them from rasters in ArcGIS Desktop, Version 9.3 (Esri, Radlands, CA, USA).
Evaluation experiments
Two rainfed field experiments were established in autumn 2007. The first, carried out in Sicily at Pietranera Farm (~30 km north of Agrigento; 37830 0 N, 13831 0 E; 178 m a.s.l.), aimed to assess the forage and seed yield of the populations, the patterns of morpho-physiological diversity among populations, and the Table 1 for population code and site geographical information), and evaluation sites (Pi: Pietranera, Sicily; Lo: Lodi, northern Italy). ), on herbage free of weeds, and oven-dried at 608C to a constant weight. The following morpho-physiological traits were recorded before, or at, the first forage harvest: (i) onset of flowering, in days from 1 April to flowering of 10% of the plants; (ii) frequency of plants with anthocyanin pigmentation of stems, on a random sample of 16 plants per plot; (iii) natural plant height and main-stem length, both on five random plants per plot; (iv) growth habit, as the ratio of natural plant height to main stem length; (v) leaf/stem dry weight ratio. This last trait acted as a synthetic positive indicator of sulla forage quality, owing to its close association with forage digestibility and intake in major perennial species (e.g. lucerne; Kephart et al. 1990 ) and, specifically for sulla, its inverse relationship with neutral detergent fibre (NDF) content and its positive association with protein content (Borreani et al. 2003) . Intra-population variation was estimated by the phenotypic variation for main-stem length across 16 random plants per plot, expressing it as within-plot standard deviation value as in the assessment by UPOV ( 
Statistical analyses
Statistical analyses were carried out on plot values cumulated over harvests for DM yield, and averaged across observations for morpho-physiological traits subjected to subsampling. Withinplot standard deviation values of main stem length were analysed as ordinary plot values (UPOV 1979 ).
An analysis of variance (ANOVA) including the factors test location, sulla population and block within location was performed for DM yield and plant survival after the second winter. A second ANOVA restricted to ecotype material assessed the variation among and within collection regions of the ecotypes (i.e. central Italy, Sardinia and Sicily) and their interaction with test location for the same traits, considering ecotype within region (besides collecting region and test location) as a fixed factor. Other ANOVAs assessed the variation among populations, collection regions or ecotypes within region within each test site. One last ANOVA including the factors germplasm group, population within group and block was performed for every trait recorded in each experiment. The germplasm groups included the three regions of origin of the ecotypes and one additional group pooling the three commercial varieties. ANOVA statistical tests for survival data were performed on data subjected to angular transformation.
Multivariate patterns of morpho-physiological diversity among the 16 populations were investigated using principal component analysis (PCA) conducted on the phenotypic correlation matrix of nine morpho-physiological traits recorded at Pietranera. Phenotypic correlations were estimated: (i) between performance traits (DM and seed yields) and morphophysiological traits of the 16 populations at Pietranera; (ii) between DM yield and survival of the 16 populations at Lodi; and (iii) between performance traits, PC scores and the collecting variables (latitude, longitude, altitude and four climatic variables) of the 13 ecotypes.
The SAS software (SAS Institute Inc. 1999) was used for all statistical analyses.
Results
As expected, the Sicilian test site (Pietranera) was characterised by lower rainfall (especially in spring and summer of the first production year) and higher summer temperatures, as well as milder winters, compared with the northern location (Lodi) ( Table 2 ). The lowest absolute temperature in Lodi was -6.88C (without snow cover) in the first winter, and -13.68C and -6.78C with and without snow cover, respectively, in the second winter.
On average, the Sicilian test site (Pietranera) exhibited much greater total forage yield than the northern location (Lodi) (12.69 v. 3.23 t/ha), despite its fewer harvests (two v. three). Severe plant mortality during winter contributed substantially to low forage yields at Lodi. Mean plant survival after the second winter was 9.9% in Lodi v. 72.3% in Pietranera (different at P < 0.001). The value was already as low as 30.0% after the first winter in Lodi.
Interaction of sulla populations with test locations occurred for both total DM yield and plant survival after the second winter (P < 0.001). Variation among populations was observed for forage yield in both locations and for plant survival at Lodi (P < 0.001), whereas populations did not differ for plant survival in the mild-winter Sicilian site (P > 0.05). Population Â location interaction effects for forage yield were large, based on lack of correlation for population yield responses across the two sites (r = -0.16). At Lodi, total forage yield of the populations was strictly associated (P < 0.001) with plant survival observed after the first (r = 0.91) or the second (r = 0.86) winter, highlighting the crucial adaptive importance of tolerance to low winter temperatures in this site. Plant survival data of the populations after the first winter were largely consistent with those recorded after the second winter (r = 0.81; P < 0.001).
Ecotype collection regions, and ecotypes within regions of collection, differed for average values of total forage yield and plant survival after the second winter, but their responses were subjected to interaction with test location (Table 3) . For both main effects and interaction effects, variation among collection regions tended to be greater than variation among ecotypes within regions, according to mean-square values reported for these sources of variation and considering that these sources shared the same error mean square (Table 3) .
Interaction effects for collection regions can be appreciated from site-specific data for germplasm groups, reported in Table 4 (omitting plant survival at Pietranera because of its lack of variation among germplasm groups or populations). The ecotypes from central Italy exhibited remarkable forage yield in both locations, along with high winter survival at Lodi, approaching or exceeding the mean response of the commercial varieties. The Sardinian ecotypes featured modest yield response in both locations, along with moderately high winter survival. Owing to their susceptibility to winter mortality at Lodi, the Sicilian ecotypes displayed low forage yield at Lodi and high forage yield in Sicily, contributing largely to the occurrence of collection region Â location interaction (Table 4) . However, this ecotype group also displayed high within-region variation for forage yield in both locations and winter plant mortality at Lodi, according to range values reported in Table 4 . Within-group variation also occurred at Pietranera for forage yield of ecotypes from central Italy and winter plant mortality of Sardinian ecotypes. Overall, the top-ranking population for winter hardiness was the ecotype Alberese, displaying 45% plant survival after the first winter and 20% after the second winter.
Total forage yield data of populations (graphically reported in Fig. 2 ) can help depict major population Â location interaction effects. The responses of Sicilian ecotypes such as Gangi (no. 12 in Fig. 2 ) and, to a lesser extent, Aragona (no. 10), both with high yield in Pietranera and low yield in Lodi, compared with Alberese (no. 1), which featured the opposite response, are indicative of crossover interaction. Specific-adaptation responses were also shown by commercial varieties, with Sparacia (no. 16) performing well only in the Sicilian environment, Carmen (no. 14) high-yielding only at Lodi, and Grimaldi (no. 15) approaching the adaptation pattern of Carmen. Interestingly, two ecotypes from central Italy, Offida (no. 3) and S. Giovanni Lipioni (no. 4), displayed a remarkably wide adaptation response, which implied forage yield in each location comparable with that of the locally best performing variety (Fig. 2) .
Population responses for seed yield in Pietranera were only partly consistent with those for total forage yield in the same location, as confirmed by the moderate correlation between these traits (r = 0.61, P < 0.05; Table 5 ). The germplasm group of commercial varieties, which was highest ranking for forage yield, was outyielded for seed yield by the groups of ecotypes from central Italy and Sicily, although in the presence of wide variation within each of these ecotype groups (Table 4) . Some ecotypes, such as Offida and Torrebruna from central Italy and Gangi from Sicily, featured outstanding seed yield (data not reported).
The ecotype collection region had a bearing on morphophysiological characteristics of the ecotype material, as indicated by data for ecotype groups reported in Table 4 . The ecotypes from central Italy featured highest values of stems per plant and seed yield components. Those from Sardinia were characterised by plants with shorter stems and more prostrate habit than any other group (including the variety group), along with early flowering and low values of seed yield components. The Sicilian germplasm group tended to possess fewer stems per plant, early flowering and low proportion of plants with pigmented stems, along with the noticeable feature of high within-group variation for any recorded trait (Table 4) . Sicilian and Sardinian germplasm also showed higher within-population (Table 4 ). The commercial varieties tended towards higher values of leaf/stem ratio (Table 4) . Forage yield at Pietranera was strictly associated with erect habit, and was unrelated to leaf/stem ratio (Table 5) . Seed yield was closely associated with harvest index and number of pods per inflorescence, showing correlation also with seed size (Table 5) .
The first two components of the PCA accounted for 68.8% of the overall variation for nine morpho-physiological traits recorded at Pietranera (Table 6 ). Based on the trait eigenvectors, the first component (PC 1) was a positive indicator of seed-yielding ability as expressed by high values of harvest index and seed yield components, erect growth habit, long and less pigmented stems, and low forage quality as expressed by low leaf/stem ratio. The second component (PC 2) was a positive indicator of densely stemmed and late-flowering plants, and more pigmented stems (Table 6 ). Correlation analysis confirmed the close association of PC 1 score with seed yield of the populations (r = 0.79, P < 0.001). Principal component 1 also showed some association with forage yield at Pietranera (r = 0.52, P < 0.05), whereas PC 2 was correlated with forage yield at Lodi (r = 0.72, Ratio of natural plant height to main stem length.
C
As within-plot standard deviation. Table 1 for population code. Black bars in the bottom right corner are least significant difference (l.s.d.) values at P = 0.05. Table 5 . Phenotypic correlation of dry matter (DM) yield and seed yield of 16 sulla populations evaluated at Pietranera, Sicily, with a set of morpho-physiological traits recorded in the same location and DM yield recorded at Lodi, northern Italy † P < 0.10; *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant P < 0.01). The population ordination along the two principal component axes reflected well the geographic origin of the germplasm (Fig. 3) . Material from central Italy, including the two commercial varieties Carmen (no. 14) and Grimaldi (no. 15), tended to show positive values of both PC 1 and PC 2, with the exception of Monteroni d'Arbia (no. 2) along PC 1. The ecotypes from Sardinia displayed negative values of PC 1, and positive values of PC 2. Germplasm from Sicily, including the commercial variety Sparacia (no. 16), was characterised by negative values of both components, with the exception of Gangi (no. 12) along PC 1 (Fig. 3) . The sharp divergence of Gangi, featuring high forage and seed yields, erect growth habit and very infrequent stem pigmentation, from the other Sicilian ecotypes contributed substantially to the high ecotype variation observed within its collection region. Higher yield response of the ecotypes in the northern location of Lodi was correlated with higher latitude and rainfall, and lower winter temperatures, of their collection site (Table 7) .
The best yielding ecotypes at Pietranera originated from sites with higher longitude and with attenuated drought and heat stress in summer (Table 7) .
Discussion
A small set of sulla cultivars exhibited large specific-adaptation effects across Mediterranean environments contrasting mainly for the extent of water available for the crop (Annicchiarico et al. 2008) . This study shows that considerable cultivar Â location interaction for forage yield can occur also for locations that contrast for the extent of winter cold stress, owing to wide variation among Italian populations for ability to survive low winter temperatures. The expected relationship between ecotype adaptation to cold-winter conditions and climatic conditions under which the material evolved is confirmed by the correlation of forage yield at Lodi with latitude and, more specifically, extent of cold stress at collection sites. Ecotype forage yields at Lodi were associated with higher rainfall of their collection sites, but the association also of ecotype forage yields at Pietranera with higher summer rainfall suggests that evolutionary adaptation to low winter temperatures had greater impact than to summer drought stress on the adaptive responses across the current test sites of the evaluated ecotypes.
The presence of substantial genetic variation for winter hardiness makes possible the improvement of sulla cold tolerance aimed to widen crop resilience and/or climatic adaptability. The low levels of plant survival displayed by even the most tolerant material at Lodi (a location outside the natural boundaries of climatic distribution of the species) should not be considered as a limitation for the crop, as substantial improvement in plant survival may be sought by recurrent selection within pools of surviving genotypes. Interestingly, a few ecotypes from central Italy could provide valuable genetic resources not only for cold-tolerance improvement but also for breeding for wide adaptation across cold-prone and mild-winter, drought-prone sites. This opportunity, otherwise limited by the large extent of specific-adaptation response exhibited by most populations, is particularly valuable for a species such as sulla, whose moderate market size discourages the release of narrowly adapted varieties. It is noteworthy that no tested commercial variety displays a wide-adaptation response. Particularly narrow adaptation was suggested for the Sicilian variety Sparacia by an earlier study showing the modest performance of this cultivar in Table 1 for population code, and Table 5 for trait eigenvectors. Table 7 . Coefficients of correlation of five collecting variables with 2-year forage dry matter (DM) yield in a location with a sub-continentalclimate (Lodi) and a Mediterranean-climate (Pietranera), and seed yield in the latter location, for 13 sulla ecotypes from Italy † P < 0.10; *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant (Annicchiarico and Pagnotta 2012) . The interest for the breeding of sulla ecotypes from central Italy is reinforced by the concurrently high seed yield showed by some populations, e.g. Offida (no. 3 in the graphs). Correlation results suggested the lack of a trade-off between high forage yield and high seed yield, in agreement with indications that can be inferred from Douglas and Foote (1985) and Martiniello and Ciola (1994) . High forage yield would be compatible not only with high seed yield but also with high forage quality, according to the lack of inverse correlation between forage yield and leaf/ stem ratio.
Sulla natural populations generally feature prostrate growth habit and lower forage yield potential than landraces and varieties (Ruisi et al. 2011) . The more prostrate habit and lower yielding ability displayed by Sardinian ecotypes would point to their wild origin. However, a more prostrate habit could also result from evolutionary adaptation of landraces or natural populations to spells of severe sheep grazing, which is particularly widespread in Sardinia (Enne et al. 2002) . Sulla plant types with low, dense crowns should indeed be more adapted to grazing than erect types, based on observations of the morpho-physiology of regrowth after defoliation (Krishna and Kemp 1993) .
The lower within-population variation of commercial varieties than ecotypes is an expected result of plant breeding, whereas their late flowering could be the result of selection aimed to enhance their productivity through longer vegetative spring growth and to decrease the risk of rains during the postharvest, hay-drying phases (Ruisi et al. 2011) . The high leaf/ stem ratio of this germplasm group could arise from selection work. From an animal nutrition point of view, it would be useful to verify whether ecotypes with contrasting stem anthocyanin pigmentation also differ in their concentrations of condensed tannins (CT), given the common synthetic pathway between anthocyanins and CT (chemically proanthocyanidins; Khanbabaee and van Ree 2001) . Concentration of CT is regarded as beneficial for ruminants when it is in the range 20-40 g/kg. At higher concentrations, CT may exert negative effects on DM and protein digestibility (Molle et al. 2009 ).
In conclusion, this study highlighted the wide morphophysiological and adaptive diversity of Italian ecotypes of sulla, and produced valuable information for exploiting this diversity as a function of environments and specific traits targeted by breeding programs. Efforts for preserving in situ or ex situ the landraces still cultivated, or collecting the relics of old cultivations, is justified by the special interest for crop improvement of these genetic resources.
